Studies were performed to determine whether hypoglycemia or the glucagon response to hypoglycemia increases uric acid production in glycogen storage disease type I (glucose-6-phosphatase deficiency). Three adults with this disease had hyperuricemia (serum urate, 11.3-12.4 mg/dl) and reduced renal clearance of urate (renal urate clearance, 1.1-3.1 ml/min). These abnormalities were improved in one patient by intravenous glucose infusion for I mo, suggesting a role for hypoglycemia and its attendant effects on urate metabolism and excretion.
Introduction
Hyperuricemia and gout occur commonly in glycogen storage disease type I (glucose-6-phosphatase deficiency) (1) (2) (3) . Decreased renal excretion of urate secondary to lactic acidemia and ketonemia (1, 2, 4, 5) and elevated production of uric acid account for the hyperuricemia (2, 3, 6, 7) .
The mechanisms for increased urate synthesis have been related to the hypoglycemia, which is a central feature of glucose-6-phosphatase deficiency (8) (9) (10) . Hypoglycemia may Reprint requests should be addressed to Dr. Fox, Clinical Research Center, University Hospital, Ann Arbor, MI 48109.
Received for publication 22 May 1984 and in revised form 6 September 1984. have metabolic consequences related either to cellular glucopenia itself or to excess counterregulatory hormone release and subsequent activation of hepatic glycogenolytic pathways. A hypothesis has been formulated which proposes that hypoglycemia stimulates the secretion of glucagon, glucagon activates glycogen phosphorylase and the formation of phosphorylated sugars accentuated by the glucose-6-phosphatase deficiency, and the phosphorylation of sugars utilizes ATP which is degraded to uric acid (8) (9) (10) (Fig. 1) . We have examined the role of glucagon in three patients with glucose-6-phosphatase deficiency by measuring ATP breakdown products during glucagon infusion and during suppression of plasma glucagon levels by somatostatin or glucose infusion.
Methods
Three unrelated women with glucose-6-phosphatase deficiency, [17] [18] [19] [20] [21] [22] yr old, were studied in the Clinical Research Center at The University of Michigan Medical Center. The diagnosis was established in early childhood on the basis of typical clinical features, response to glucagon or epinephrine, and liver biopsy. One patient (S.G.) had a liver biopsy during a recent surgical procedure and was found to lack glucose-6-phosphatase (0.0 umol/min per g; normal range, 30-80 umol/min per g) in assays performed by Dr. Rodney Howell of The University of Texas Medical School at Houston. Before entering the study, the subjects generally ate three meals each day and had intermittent 15 to 20g dextrose supplements about six times each day. They usually awoke twice during the night for glucose supplements. All medications known to alter purine metabolism or excretion were discontinued at least 10 days before the studies.
Base-line studies. Throughout the study period, each patient received a weight-maintaining purine-free diet and ingested an additional [15] [16] [17] [18] [19] [20] (12) (13) (14) (15) (16) (17) (18) (19) . Serum urate and urinary uric acid and oxypurines (hypoxanthine and xanthine) were assayed using enzymatic spectrophotometric techniques (11, 20, 21 (Table I) . Urine uric acid excretion was not elevated (Table I ). However, there was evidence for diminished renal clearance of urate in these patients with values of 1.1-3.1 ml/min. While the patients were off antihyperuricemic drugs and receiving glucose feeding, the 5 d cumulative urinary excretion of radioactive purines ranged from 2.3 to 5.8% of the administered dose, which is within or close to the limits established Continuous glucose infusion. The metabolic and hormonal responses during infusion of 20% glucose through a central venous catheter were assessed in one adult (S.G.) with glucose-6-phosphatase deficiency. Therapy was initiated at a rate of 35 ml/h and increased to 60 ml/h to maintain euglycemia for 1 mo. The patient continued to receive purine-free meals, but oral glucose supplements were discontinued. Serum urate levels decreased from between 10 and 11 mg/dI to 8.5 mg/dl within 2 d and to 7.9 mg/dl during the infusion (Fig. 2) These data show that the metabolic abnormalities of hypoglycemia, hyperuricemia, acidosis, and hyperlipidemia in glucose-6-phosphatase deficiency are correctable by the infusion of glucose. Glucose administration suppressed glucagon concentrations and eliminated cellular glucopenia. It is unclear which of these two variables causes hyperuricemia. Therefore, further studies were carried out to determine the relative contributions of hypoglycemia and the hyperglucagonemia to increased uric acid production.
Glucagon and uric acid production. If glucagon has a central role in increasing uric acid production, it should be possible to demonstrate the stimulation of ATP degradation following glucagon administration. Intravenous infusion of 1.0 mg glucagon over 5 min caused a transient tachycardia to a maximum heart rate of 113 beats/min and an increase in blood glucose concentration from 80 to 95 mg/dl (Fig. 3) . This rise is similar to that observed by Tsalikian et al. (23) and is presumably related to the debranching enzyme. Serum lactate increased from 13.2 to 17.9 meq/dl. There was also a rise in the levels of insulin and growth hormone (data not shown). Serum urate increased from 11.4 mg/dl to 13.0 mg/ dl. There was a ninefold rise in urinary excretion of oxypurines. Excretion of radiolabeled purines increased by 65% and excretion of uric acid increased by 90%.
Suppression of glucagon by infusion of somatostatin. Although a pharmacologic dose of glucagon increases uric acid synthesis, this does not prove that a physiologic increase of endogenous glucagon causes these changes in glucose-6-phosphatase deficiency. Therefore, somatostatin was infused to decrease endogenous plasma glucagon levels and uric acid metabolism was examined. The study with somatostatin was compared with a separate control experiment in which only normal saline was infused.
During the infusion of saline alone, glucagon concentrations DAYS 16 DAYS Figure 2 . Metabolic and hormonal response to continuous glucose infusion. Continuous glucose infusion was given through a central venous catheter to patient S.G. Fractional clearance of uric acid, serum uric acid, anion gap, and serum triglycerides are shown in (A), while plasma growth hormone, glucagon, insulin, and glucose are shown in (B). Serum urate decreased from 11.3 to 7.9 mg/dl and fractional clearance of urate rose from 3 to 5% during the study period. Acidosis was corrected and serum triglycerides fell. Associated with these metabolic changes was a 40% reduction in serum glucagon from 78 to 45 pg/ml. increased by 30% above pretreatment levels (Fig. 4) ; this was presumably due to the falling blood glucose concentration. Growth hormone levels slowly increased from a base line of 2 ng/ml to maximum values of 5-7 ng/ml. Serum urate levels, urine uric acid, oxypurine, and radiolabeled purine excretion were substantially elevated (Figs. 4 and 5) . The following measures increased by the indicated mean percentages: serum urate, 10%; urinary uric acid, 70%; urine oxypurines, 270%; and urinary radioactivity, 60%. These measures indicate active ATP degradation to uric acid and its precursors during hypoglycemia. urate, urine uric acid, oxypurine, and excretion of radiolabeled purines were unchanged or decreased compared with base-line values (Figs. 4 and 5 ). Thus, with infusion of somatostatin, there was no stimulation of ATP degradation despite hypoglycemia which was similar to that during saline infusion (Fig.  4) . With cessation of somatostatin infusion, there was a rebound rise in serum urate, urine radioactivity, and urine oxypurine excretion. 254 Cohen, Vinik, Faller, and Fox 
Discussion
Hyperuricemia and gout occur frequently in glucose-6-phosphatase deficiency (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (24) (25) (26) . The hyperuricemia results from both a decreased renal clearance of urate secondary to lactic acidemia (1, 4, 5) and ketonemia (2) and increased production of uric acid (2, 3, 6, 7) . Decreased renal clearance of urate was evident in the three patients studied (Table I) . Accelerated ATP degradation in response to hypoglycemia and the release of glucagon has been proposed as a cause for uric acid overproduction in glucose-6-phosphatase deficiency ( Fig. 1) (8-10) . The activation of glycogen phosphorylase by glucagon leads to glycogenolysis and formation of glucose-6-phosphate. In the absence of glucose-6-phosphatase, only limited quantities of free glucose can be formed in the liver probably from debrancher enzyme activity (23). Continuing formation of phosphorylated sugars (2) leads to trapping of inorganic phosphate and depletion of ATP (9) . Under these conditions, purine nucleoside monophosphates may accumulate and in turn are degraded to uric acid. An analogous mechanism underlies the hyperuricemia accompanying disorders of fructose metabolism (10, 27) and the accelerated ATP degradation following fructose infusion in subjects with normal enzyme activity (28) (29) (30) (31) (32) .
The proposed model has been evaluated in our experiments. Correction of hypoglycemia suppresses plasma glucagon levels and reverses cellular glucopenia. Sustained normalization of blood sugar by either intravenous or intragastric infusion of nutritional supplements corrects the metabolic abnormalities including hyperuricemia and growth retardation of children with glucose-6-phosphatase deficiency (33) (34) (35) (36) (37) (38) (39) (40) . In our study, acidosis, hyperlipidemia, and hyperuricemia were improved by continuous intravenous glucose infusion (Fig. 2) . Plasma glucagon concentrations were lowered during this therapy in our studies and in previous experiments (33, 41). These findings are consistent with the hypothesis that glucagon stimulates uric acid production. However, since hypoglycemia was eliminated, it is difficult to attribute the changes in uric acid levels to the reduction in glucagon levels alone.
Glucagon administration increases the serum urate levels in patients with glucose-6-phosphatase deficiency (9) . Pharmacologic doses of intravenous glucagon lowered hepatic ATP content and increased hepatic concentrations of phosphorylated sugars. These metabolic alterations accompanied an acute rise in the serum urate level. Our studies support the association between glucagon injection and uric acid metabolism, since a pharmacologic dose of glucagon elevated the serum urate level, the urinary oxypurines, uric acid, and radioactivity originating from labeled ATP. However, these observations do not prove that glucagon is responsible for increasing ATP degradation in glucose-6-phosphatase deficiency, since endogenous plasma glucagon levels are only modestly increased to <10% of the values achieved in these pharmacologic experiments.
Central to the model presented, linking hypoglycemia to purine degradation, is the concept that endogeneous release of hypoglycemia counterregulatory hormones should activate ATP breakdown to uric acid in patients with glucose-6-phosphatase deficiency. Untreated patients have elevated glucagon levels (33, 41), which may be a response to chronic hypoglycemia (37, 42) . We tested the hypothesis that the elevated glucagon concentration causes the hyperuricemia of glucose-6-phosphatase deficiency by examining the responses to suppression of glucagon levels during the infusion of somatostatin. Infusion of somatostatin lowered the plasma glucagon level and simultaneously reduced the serum urate level, urinary uric acid, oxypurine, and radiolabeled purine excretion as compared with the values observed during a saline infusion under identical conditions. With cessation of the somatostatin infusion, there was a rebound rise in plasma glucagon paralleled by a rise in serum urate, urinary oxypurine excretion, and urinary radioactivity excretion. These changes provide evidence that activation of ATP degradation to uric acid is regulated in part by the increase in endogenous plasma glucagon levels. However, it remains to be determined whether physiologic glucagon replacement of levels suppressed by the infusion of somatostatin will stimulate ATP degradation.
While it may be speculated that the hyperuricemia response results entirely from glucagon release during hypoglycemia, the possibility exists that other factors mediate the accelerated ATP degradation to uric acid during hypoglycemia. In normal subjects, plasma concentrations of glucagon, catecholamines, growth hormone, and cortisol all increase with hypoglycemia (42-44). Changes in growth hormone levels do not seem to account for alterations of uric acid synthesis, since changes were modest and did not correspond with increases of ATP degradation. However, both glucagon and catecholamines can rapidly stimulate glycogenolysis and gluconeogenesis and are the most important hormonal counterregulatory factors which increase glucose production in response to hypoglycemia in normal humans (45) (46) (47) (48) (49) (50) . We cannot exclude the possibility that catecholamines released during hypoglycemia may contribute to the increased uric acid synthesis of glucose-6-phosphatase deficiency. However, this seems less likely since somatostatin infusion diminished the hyperunicemic response to hypoglycemia and somatostatin does not alter catecholamine levels (50) .
Accelerated ATP degradation and increased production of urate, which contribute to the hyperuricemia of glucose-6-phosphatase deficiency, may be important in other clinical disorders. Increased ATP breakdown to uric acid accounts for the hyperuricemia secondary to hypoxia, vigorous muscular exercise, ethanol intake, inborn errors of fructose metabolism, fructose infusion, and possibly a subgroup of patients with primary hyperuricemia and overproduction of uric acid (10, 27-32, 51-55). It seems possible that abnormalities in glucose metabolism or the hormonal mediators regulating glucose availability could be factors involved in the pathogenesis of hyperuricemia in some gouty patients.
